Abstract-Through the use of advanced control techniques, wave energy converters have significantly improved energy absorption. The motion of the WEC device is a significant contribution to the energy absorbed by the device. Reactive control (complex conjugate control) maximizes the energy absorption due to the impedance matching. The issue with complex conjugate control is that the controller is non-causal, which requires prediction into the oncoming waves to the device. This paper explores the potential of using system identification (SID) techniques to build a causal transfer function that approximates the complex conjugate controller over a specific frequency band of interest. The resulting controller is stable, and the average efficiency of the power captured by the causal controller is 99%, when compared to the non-causal complex conjugate.
Abstract-Through the use of advanced control techniques, wave energy converters have significantly improved energy absorption. The motion of the WEC device is a significant contribution to the energy absorbed by the device. Reactive control (complex conjugate control) maximizes the energy absorption due to the impedance matching. The issue with complex conjugate control is that the controller is non-causal, which requires prediction into the oncoming waves to the device. This paper explores the potential of using system identification (SID) techniques to build a causal transfer function that approximates the complex conjugate controller over a specific frequency band of interest. The resulting controller is stable, and the average efficiency of the power captured by the causal controller is 99%, when compared to the non-causal complex conjugate.
LIST OF This work was funded by the U.S. Department of Energy's Water Power Technologies Office. Sandia National Laboratories is a multi-mission laboratory managed and operated by National Technology and Engineering Solutions of Sandia, LLC., a wholly owned subsidiary of Honeywell International, Inc., for the U.S. Department of Energy's National Nuclear Security Administration under contract DE-NA0003525. This paper describes objective technical results and analysis. Any subjective views or opinions that might be expressed in the paper do not necessarily represent the views of the U.S. Department of Energy or the United States Government.
I. INTRODUCTION
Wave energy converters (WEC's) interact and absorb the natural energy in water waves. The type of interaction effects how much of the mechanical energy from the wave is absorbed by the device. Passive control of devices is simpler to implement, but it provides poor absorption efficiency. As such, an active control scheme is necessary to effective improve the energy captured. There have been many approaches for developing optimal controllers for WEC's [1] . Analytical derivation of the maximum power absorption for an oscillating device has been already been determined, and will be discussed further in Section II [2] , [3] . Using this analytical derivation, there have been many control theory implementations to the heave only oscillating model [1] , [4] , [5] . Furthermore, the book from [6] discusses the theory for maximum power absorption. Optimal control analysis of WEC devices are not limited to single body devices and have been expanded to two-body coupled WEC's [7] - [9] .
A. Reactive Control
Two popular strategies for maximum power adsorption that fall under the category of reactive control are phase and amplitude control and complex conjugate control. With complex conjugate control, or impedance matching, the controller matches the impedance to the admittance of the device to allow for maximum energy absorption. The issue with such an approach is that the impedance matching requires the complex-conjugate of the impedance, which makes the controller acausal. There have been papers on the the effects of irregular waves on reactive control [10] , [11] , as well as signal processing techniques that have been applied to mitigate the anti-causality by improving irregular wave measurements [12] . Due to the acausality of reactive control, future knowledge of the excitation force and incoming wave needs to be known. The sensitivity and requirements for the prediction for reactive have already been well studied [12] - [15] . There have even been reactive controller designs where the controller is tuned to the peak frequency of the wave spectrum [10] , [11] . In this paper, we are interested in implementing a causal controller using the same impedance matching principles as reactive control. There have been other various implementations to improve upon the reactive controller, such as using reinforced learning and neural networks [16] , [17] . In these cases, causal stochastic optimal control has been implemented on a heaving point absorber [18] . The causal controller was derived by approximating the non-causal control law, this was expressed in terms of a frequency dependent coefficient proportional to the body velocity and the radiation force. This paper instead focuses on using system identification (SID) to estimate the non-causal controller with a stable and causal controller.
B. Paper Outline
There will be four main sections to this paper. The analytical formalization and reactive control theory are in Section II. In this section, the formulation for maximum power capture of a device will be derived along with the use of reactive controllers. At the end of Section II, the use of system identification (SID) will be looked at to approximate the complex controller. The implementation and results of the techniques discussed in Section II will be discussed in Section III. In this section, the stability of the SID approximation of the complex conjugate controller will be analyzed. Along with a simulation of an irregular wave input to the system. Finally, Section IV will review the results and discuss the limitations and improvements of using SID techniques to model a causal reactive controller.
II. CONTROLLER DESIGN
The general (loss free) structure for energy transfer for the WEC device is that the incoming waves produce a force on the body, denoted as F e , while the body radiates a wave back into the environment, denoted as F rad . The force on the WEC is then transfered onto the power take-off (PTO), denoted as F pto . In general, the equations of motion are defined as the following.
Where M is the mass matrix of the device, m(ω) is the added mass, B is the damping, R(ω) is the radiation damping, and S is the hydro-static restoring coefficient matrix. Now we will define the power absorption as the following:
From the equation of motion defined in equation (1), the intrinsic impedance of the system is defined as the following.
From equation (3) we see that when the PTO forces satisfies
then equation (2) becomes
where R i (ω) is the intrinsic resistance of the device (RE[Z i (ω)]). From this we can see that the optimal velocity corresponding to the maximum energy is v(ω) =
Fe(ω)
2Ri(ω) . From (4) we can see where the term complex conjugate control or impedance matching comes from. Maximum power absorption happens when the PTO impedance matches the complex conjugate of the mechanical impedance of the device, or when the reactance of the PTO cancels the reactance of the device.
Since the simulations will be tested at specific frequencies (5) can be simplified to the following equation, which is valid for a sinusoidal excitation.
ω 0 is the specific frequency of the excitation force. Looking at the impulse response of the mechanical impedance we get the following response:
where K(t) is the causal impulse response of the radiation impedance [1] . Here we can see that the last term in (7) is the non-causal term where h i (t) = S π 2 for t < 0.
A. Controller Design
SID methods are used in various engineering fields to produce models of various dynamic systems from measured data. Fundamentally, SID techniques rely upon characterizing a system based on how the systems output responds to various inputs. Input signals are important,as they effect the quality of output response. In other words, if the dynamics of the system are not fully explored, the SID model will not properly model the system. As such, the experiments used for the system identification have various advantages and disadvantages, such as signal bandwidth, improvement of model quality, cost of the experiment, and increased noise sensitivity.
SID techniques have been used to characterize WEC devices using various models and approaches [19] . The various model approaches can be characterized as white box (with model formulation), grey box (basic physical understanding of system), and black box (no knowledge of the system). Typically for wave energy, there is some knowledge of the system so SID techniques use grey box modeling.
Using the built-in SID toolboxes in Matlab, a grey box model can be used to determine a WEC devices intrinsic impedance along with determining the complex-conjugate model of the system. Since the complex conjugate is noncausal, the complex conjugate transfer function needs to be further modeled to determine a similar causal transfer function. To limit model errors and increase the likelihood of finding a causal model, the SID needs to be applied over a limited frequency band. With a causal and stable model of the complex conjugate of the system a reactive controller can be built and implemented.
For this paper, the device was excited from 0.25 − 1 Hz, using the experimental data described in [19] ; the resulting intrinsic impedance is shown in Figure 1 . In particular, the red curves denotes the non-parametric model and the blue curves is the parametric model obtained using SID. Additionally, the frequency response of the optimal feedback is plotted in yellow, which is obtained by taking the complex conjugate of the intrinsic impedance (red curve). Using this complex conjugate impedance model, this paper uses the built in system identification toolbox in Matlab to estimate the transfer function for the Feedback Resonating Controller (FBR). While enforcing stability, the FBR is determined by fitting a parametric model to the yellow curve in Figure 1 over a limited frequency range. The order of the FBR controller was determined by constraining it to be of similar order as the admittance model.
The general control structure for a reactive controller is shown in Figure 2 . The incoming excitation wave can be modeled as a disturbance to the system with the main controller having the impedance matching controller as the feedback term. The Y i block in Figure 2 is the admittance of the WEC device determined experimentally (Y i = 1 Zi ). The output of the admittance block is the velocity of the device, whereas the input to the admittance block is the PTO force and the excitation force.
III. RESULTS
The experimental data used in this paper were conducted at the Naval Surface Warfare Center, Carderock Division Maneuvering and Sea Keeping (MASK) basin, on a single point-absorber device [19] . As described in the previous section, Figure 1 shows the bode plots of the device's parametric and non-parametric models, as well as the the complex conjugate of the impedance (shown in yellow as Z opt ), which is the optimal (non-causal) feedback. The phase for the complex-conjugate changes sign as expected. The same figure also shows the good accuracy of the parametric model of the device built from the experimental data. The Bode plot in Figure 3 , shows the non-parametric response (marked with red stars) of the optimal feedback (complex conjugate of the intrinsic impedance), and the identified FBR controller (solid blue line). It can be seen that the FBR controller is very close to the optimal over the frequency band 0.2 − 1Hz, in terms of both magnitude and phase. Figure 4 shows the pole-zero map of the FBR controller; it can be seen that the model is stable with all of the poles in the left hand side of the imaginary axis (negative real part). Figure 5 shows the velocity response of a chirp input varying over a wide range of frequencies. The stability of the velocity response is verified using a chirp input over 0.0001 − 100 Hz. In Figure 5 , we can see that the output is stable and has two resonant frequencies, at about 0.2 Hz and 1.1 Hz; outside of the SID analysis. Finally, Figure 6 shows the closed loop response of the system (WEC and FBR controller) as described in Figure 2 ; it can be seen that the system is stable with all the pole on the left side of the imaginary axis axis. Figure 7 shows the power captured resulting from the simulation, compared with the theoretical maximum over a range of frequencies. For each frequency, a sinusoidal wave with unitary amplitude is used to simulate the excitation force. The top plot in Figure 7 shows the efficiency of the FBR controller compared to the theoretical maximum; the curve has been calculated by taking the ratio of the average power absorbed using the FBR controller and the theoretical maximum described by equation (6) . It can be seen that the FBR controller has very high efficiency when compared to the theoretical maximum. We can also see in Figure 7 that the efficiency starts to drop near the edges of the frequency bands used for SID.
IV. CONCLUSIONS
This paper briefly described the non-casual issue of the reactive controller, and introduced the use of SID methods to derive a stable and casual controller, the FBR controller. By inspection of the pole-zero map and by using a wide range chirp signal as the input, the stability of the closed loop response has been verified. Finally the power captured efficiency of the controller was compared to the theoretical maximum power capture. The average efficiency of the power captured over the analyzed frequency band was found to be 99%.
From the above results, the FBR controller performs well within the frequency bands considered. Close to the edges of these frequency bands the efficiency in the SID model starts to decrease and the system can perform worse. To remedy this issue, future experimental testing could be performed for a broader frequency range. On the other hand, if the experimental model is considered to be at a 1 : 17 th scale, the frequency range of 0.25 − 0.9 Hz corresponds to a frequency range of 0.0625 − 0.025Hz at full scale, which could be sufficient to cover many of the wave sites where these devices will likely to be located.
In future work, this SID reactive controller needs to be fully implemented in experimental setup. Additionally, the inclusion of more sophisticated control techniques may also improve the power capture at the ranges slightly outside SID frequency band.
